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Abstract: Plastic deformation behavior of Cu/Ni/W metallic multilayers with 
individual layer thickness ranging from 5 nm to 300 nm is investigated by 
nanoindentation testing. The experimental results reveal that the composite still 
exhibits indentation-induced plastic deformation instability and the loss of strain 
hardening ability at the nanometer scale even if the composite contains two kinds of 
layer interfaces (face centered cubic(FCC)/FCC and FCC/body centered cubic) 
simultaneously. Plastic deformation behavior of the nanolayered material was 
evaluated and analyzed. 
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1. Introduction 
Although metallic multilayers with one kind of layer interface, such as Cu-X (Ni, 
Au, Ag, Cr, Nb, W, etc.) have extraordinary high strengths when individual layer 
thickness () is approaching to a few nanometers [1, 2], they usually exhibit limited 
plasticity or ductility [3-5]. The high strength is achieved by confinement of the 
ultrafine scale and the interface on dislocation activities, while strain hardening ability 
of the metallic multilayers becomes degraded. A key point to the lower ductility of 
most of metallic multilayers may result from the preferred development of localized 
shear bands (SB) [6-8], which leads to unstable plastic deformation. A few of studies 
on plastic deformation stability of the metallic multilayers with an face centered 
cubic(FCC)/FCC layer interface or an FCC/body centered cubic(BCC) layer interface 
such as Cu/X (Au, Ni, Nb, Cr, etc) have been conducted for recent years [6-11] by 
mostly using instrumented-indentation method. For the Cu/Au multilayers with an 
FCC/FCC interface, Zhang et al. found that grain boundaries and layer interfaces in 
the multilayer with smaller  become increasingly active, and SBs can initiate through 
the potential grain boundary sliding and grain rotation in the =25 nm Cu/Au 
multilayer [6]. For the nanoscale composite laminates with an FCC/BCC interface, 
Misra et al. found that SBs can form in compressed pillar of Cu/Nb multilayers 
through interface sliding [7, 11]. Concerning the shear banding ability between 
multilayers with FCC/FCC interface and that with FCC/BCC interface, Li and Zhang 
revealed that SBs around an indent can be triggered more easily in the Cu/Au 
multilayers than in Cu/Cr multilayers due to the fact that the Cu/Au transparent 
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interface has a lower resistance to the dislocation crossing than the Cu/Cr opaque 
interface [9]. The Cu/Cr multilayers often exhibit poor plasticity characterized by 
brittle fracture in BCC-structured layers compared with the Cu/Au multilayers [4]. 
Comparing these findings, one can find that the layer interface plays a key role in 
controlling plastic deformation behavior of the layer-structured materials with fine 
length scales, and would expect that a metallic multilayer containing both the 
FCC/FCC and FCC/ BCC interfaces simultaneously, which is expected to have a high 
interface barrier strength to dislocation crossing, might have a different plastic 
deformation behavior. In this paper, we will present an investigation of 
indentation-induced plastic deformation behavior of Cu/Ni/W multilayers, which 
contains the above FCC/FCC and FCC/BCC interfaces. Scale and interface dependent 
deformation behaviors in the multilayers are examined to understand the basic 
mechanism of plastic deformation behavior of the material. 
2. Experimental details 
Three components, Cu, Ni and W, are selected to design a multilayer in the present 
study. Such a multilayer has three different interfaces (Cu/Ni, Ni/W and Cu/W) with 
two kinds of structures, FCC/FCC and FCC/BCC. All the Cu/Ni/W multilayers have 
the same total thickness of 900 nm, but λ is 5, 30, 60, 100 and 300 nm, respectively. 
The Cu/Ni/W multilayers were deposited onto a 525 m-thick single Si substrate with 
[001] orientation under ultrahigh vacuum (base pressure<1×10
−7
 Torr, working 
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pressure 0.4 Pa) at a sputtering rates of ~0.3 nm/s using a DC magnetron sputtering 
system. In the process of the deposition of the multilayers, the W layer is always 
bonded to the substrate first, and then the Ni and Cu layers are deposited, respectively. 
The microstructures and interface orientation relationships are investigated by X-ray 
diffraction (XRD, θ-2θ scanning, Cu K source, Rigaku D/max 2400 x-ray 
diffractometer) and cross-sectional transmission electron microscopy (TEM, FEI 
Tecnai F20, accelerating voltage = 200 keV). The TEM samples were cut into a 
dimension of 3 mm long and 2.5 mm wide, and then two slabs were glued 
face-to-face with M-bond 610 adhesive for protection, followed by mechanical 
thinning and ion milling at -100℃ on a Gatan precision ion polishing system. 
Nanoindentation (MTS Nano Innovation Center, Oak Ridge, TN) tests are carried out 
to evaluate the plastic deformation behavior of Cu/Ni/W multilayers, and details are 
then examined by a focused-ion-beam system (FEI Nova200 NanoLab), scanning 
electron microscope (SEM, LEO Supra 35, accelerating voltage = 20 keV)  and laser 
confocal microscope (LEXT OLS4000, Olympus). 
3. Results and discussion 
X-ray diffraction was conducted to examine microstructures and textures of the 
multilayers. Both of the Cu and Ni layers have strong {111} out-of-plane textures, 
while the W layer has two types of structures, i.e. stable -W phase (BCC structure) 
and metastable β-W phase (A15 crystal structure) [12]. In general, the Cu/W and 
Ni/W interfaces exhibit the Kurdjumov–Sachs orientation relationship, i.e. {111}fcc || 
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{110}bcc, <110>fcc || <111>bcc, while the Cu/Ni interface shows the relation of {111}Cu 
// {111}Ni.  
Cross-sectional observations on microstructures of the multilayers with different  
were conducted by a TEM. Fig. 1(a) presents a typical TEM cross-sectional 
observation of the =60 Cu/Ni/W multilayer. In general, when λ60 nm, the 
multilayers exhibit columnar-grain structure, while the λ=30 nm multilayer has an 
equiaxed-grain structure. The in-plane grain size (d) and the actual individual layer 
thickness () are measured based on the TEM images, and the variation of d and the 
ratio of d to  with  is plotted in Fig. 1(b). It is clear that the grain size of the W and 
Ni layers remains almost constant with decreasing , and d/ for the W and Ni layers 
increases from ~0.1 to ~1. While the grain size in the Cu layer decreases with 
decreasing , d/ of Cu grains remains almost constant. 
The multilayers were deformed by a nanoindenter with a Berkovich tip (~ 160 nm 
radius) with a constant strain rate (0.01 s
-1
) and an indentation depth of 900 nm at 
room temperature. An SEM observation of the indent surface shows that no SBs were 
formed around the indents in all the multilayers even for the =5 nm multilayers, as 
shown in Fig. 2(a). To evaluate the potential plastic deformation ability of the 
multilayers, a pileup height (hp) around the indent, which is defined as a difference in 
the height between the pileup and the sample surface plane, was measured 
quantitatively along the indent edge by the laser confocal microscope shown in the 
inset of Fig. 2(a). The variation of hp as a function of  is presented in Fig. 2(b). One 
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can find that hp evidently decreases from about 455 nm of the =300 nm multilayer to 
85 nm of the =5 nm multilayer. It is believed that more and more constituent layers 
would contribute to deformation in the pileup with decreasing , for example, the 
pileup height of the nm multilayer is equal to the total thickness of 17 layers. To 
quantify the plastic deformation ability, the strain hardening ability related to strain 
hardening exponent can be evaluated by the ratio of hp/a [13, 14],  
tan
1
c
c
a
hp 
              (1) 
where a is equivalent contact radius measured using the residual indentation 
impression, θ is the angle of the indenter and c is a constant that depends on the strain 
hardening exponent of the material, the shape of the indenter and the friction between 
the tip and the sample. For a given indenter, using the values of a and θ measured 
from the topographical scans of the sample surface, the constant c can be calculated. 
Since the surface layer is always Cu, thus we may assume that the friction between 
the tip and the sample are same for all the samples, and the experiments were carried 
out simultaneously under same condition, the changes in hp/a may reflect mainly the 
contribution of strain hardening exponent of the material. On the other hand, the 
pile-up height hp might be overrated due to the substrate effects. It is noted that the 
confinement by the substrate is more prominent for the multilayers with lower 
strength, i.e. multilayers with lager individual layer thickness. It can be seen from 
figure 2(b), the pile up height for the  = 300 nm multilayer is more than 2 times 
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larger than other multilayers, and it is reasonable to presume that the  = 300 nm 
multilayer will still have larger pile up height than other multilayers even if we take 
the substrate effect into account. Similarly, it is reasonable to conclude that the trend 
is the same with that measured at small indentation depth, and the change in the value 
of hp/a qualitatively reflects the strain hardening ability of the multilayers. Fig. 2(b) 
presents the relations between hp/a and indicating that the strain hardening ability 
of the multilayers does decrease as decreases. 
Fig. 3 presents SEM images of cross-sections of the indents cut by a 
focused-ion-beam system. For the λ=300 nm multilayer, indentation-induced 
deformation results in cracking of the W layer close to the W/substrate interface and 
the W/Ni interface shown in the inset of the enlarged observation of the region 1 of 
Fig. 3(a). As  decreases down to 100 nm (Fig. 3(b)) and 60 nm (Fig. 3(c)), the 
deformation zone under the indent became a well-defined triangular zone gradually. 
More cracks appeared within the deformation zone under the indent shown in regions 
1 of Fig. 3(b) and Fig. 3(c), respectively. The closer to the substrate the W layer is, the 
more cracks form in the W layer except the bottom W layer. All the cracks are located 
in the brittle layer, no crack propagation across or along the interface is found. It is 
believed that the cracks initiated in the W layer and were arrested by Cu/W and Ni/W 
interfaces. As  decreases to 30 nm, two localized shear bands were formed along the 
direction with an angle of about 70° relative to the normal direction of the layer plane 
shown in Fig. 3(d). Within shear bands, cracking of the W layers (dark layers) can be 
found clearly in the region 1, while the Cu and the Ni layers (bright layers) were 
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severely sheared and rotated toward the shearing direction. In general, the Cu/Ni/W 
multilayers exhibit the clear scale-dependent plastic deformation instability. In the 
thicker multilayers, the plastic strain is accommodated by directly multi-cracking in 
the brittle W layers and plastic deformation of Cu and Ni layers, while with 
decreasing in  plastic deformation is gradually localized in the triangular zone 
beneath the indenter. Furthermore, as  decreases to 30 nm, plastic deformation is 
localized mainly in two narrow SBs.  
The pileup around the indent observed in some metallic multilayers with one kind 
of layer interface either FCC/FCC or FCC/BCC was mainly attributed to instable 
plastic deformation of the multilayers beneath the indent through the formation of 
layer buckling along with shear banding direction [6, 8, 15]. For the present 
multilayers, cross-section observations in regions 2 in Figs. 3(a)-(d) reveal that the 
pileup in the =300 nm multilayer is almost contributed by plastic deformation of 
grains in the Cu layer (region 2 in Fig. 3(a)). The grains in the pileup were severely 
elongated as indicated by arrows in region 2, compared with the original ones. As  
decreases to 100 nm, the considerable layer thinning in the Cu layer is found under 
the indent, as shown by the dash lines in the inset for region 2 of Fig. 3(b). For the 
=60 nm multilayer, layer buckling combined with grain rotation in the Cu layer 
contributed to the pileup, as shown by the dash lines in region 2 in Fig. 3(c). 
Furthermore, for the 30 nm multilayer, the layer buckling behavior becomes 
evident in the pileup region (region 2 in Fig. 3(d)).  
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In order to further understand plastic deformation ability of the present multilayers, 
we analyze the energy dissipation during the indentation. The total irreversible work 
(Wt=Uf+Us) done by the indentation is consumed by two parts, one is the fracture 
energy (Uf) due to the formation of two new surfaces of a crack; the other is the stored 
energy (Us) under the indent during plastic deformation. For the sake of simplicity, 
we assume that friction between the indenter and the sample surface and variation of 
temperature during the indentation were ignorable. The value of Wt is calculated 
based on the area of the load (P)-depth(h) curve of nanoindentation [16] as, 
 
m
f
m h
h
h
t PdhPdhW
0
,              (2) 
where the first term is the total work done by the indenter during loading and the 
second term is the work done by elastic recovery of the multilayer during unloading, 
the difference between them is the irreversible work done to the multilayer. The 
number of cracks (n) under each indenter edge is counted based on cross-sectional 
SEM observations. The total number of cracks is 3n assuming symmetrical 
distribution of cracks along the three indenter edges. The area of crack surfaces A=*l, 
where l is the length of cracks, taken as the radius of the pileup area. Uf is calculated 
through multiplying the total cracking surface area (
n
iA
1
) by the surface energy per 
unit area (i), 
s
n
if AU )3(
1
                (3) 
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The value of  for the W layer is taken as 4.3 J/m2 for cleavage at (110) planes [17]. 
Thus, the value of Us can be estimated by Us= Wt - Uf. Fig. 4(a) presents the variation 
of Wt, Uf and Us with . It can be seen that the value of Wt for the multilayers with 
different  are almost equal, while the value of Uf increases and the value of Us 
decreases with decreasing . The increase in Uf at the smaller  indicates that more 
cracks are formed, and that results in more energy consumption. The decrease in Us at 
the smaller  reveals that the uniform plastic deformation ability becomes degraded. 
This trend is similar to the findings in metals with small microstructural scales, such 
as nano/ultrafine-grained materials. Dislocation plasticity is suppressed strongly and 
inhomogeneous deformation is dominated by the preferential formation of SBs.  
A loss of strain hardening ability in the present multilayers with smaller  can be 
attributed to several reasons. First, the stress to drive dislocations in the each layer 
channel becomes larger when the layer thickness decreases. Especially, other 
obstacles to dislocation motion, such as image stress generated by the elastic modulus 
mismatch between the components, can also increase as  decreases. This makes the 
dislocation movement in the smaller  multilayers more difficult than that in the 
larger  multilayers. Second, even if the plastic deformation of thin metal films on 
substrates is characterized by very high rates of strain hardening caused by the storage 
of misfit dislocations near the film/substrate interface [18], such the ability to store 
misfit dislocations at interfaces in multilayers would decrease as  decreases [19]. 
The misfit dislocations are introduced to reduce the elastic strain energy, 2ME  , 
where M is the elastic modulus and  is the mismatch strain due to the lattice constant 
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mismatch at the interfaces. Third, interface barrier strength, a stress needed to drive 
dislocations to cross the layer interface, would decrease as the layer thickness 
becomes smaller [20], thus dislocations generated at the layer interface could easily 
meet the opposite interfaces which act as a sink. All of these results in the fact that the 
interaction ability among dislocations within the layer channel and that between 
dislocations and misfit dislocations decrease significantly throughout the plastic 
deformation process. That eventually leads to the decrease in strain hardening ability 
and the preferred plastic deformation localization in the material.  
4. Conclusions 
Nanoindentation tests show that Cu/Ni/W multilayers exhibits 
indentation-induced plastic deformation instability and the loss of strain hardening 
ability at the nanometer scale. Summarizing the findings here and reported in the 
literature[6-8, 10], it is generally concluded that plastic deformation of these metallic 
layer-structured materials with almost equivalent constituent layer thickness would 
become instable once the constituent layer thickness is close to the nanometer-scale 
regardless of the fact that the layer-structured composite has two or more kinds of 
layer interfaces (transparent and opaque) simultaneously or only one kind of layer 
interface. Such the plastic instability may limit the development of nanoscale 
layer-structured materials with high strength and good ductility. In contrast, in 
addition to interface properties, a strategy may be promising, toward optimizing the 
ratio of the constituent layer thickness and the mechanical contrast among the 
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constituent layers, which is expected to delay or inhibit of the development of 
premature strain localization or unavoidable necking in the layer-structured materials 
[21-23]. 
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Figure 1 (a) TEM cross-sectional characterization of microstructure in the =60 nm 
Cu/Ni/W nanolayered composite. (b) Grain size and ratio of the grain size to the 
individual layer thickness vs. individual layer thickness for Cu, Ni and W layers in 
Cu/Ni/W multilayers. The grain size is determined based on TEM observations.  
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Figure 2 (a) SEM observation on the indent of the =5 nm Cu/Ni/W multilayer, the 
inset indicating the measurement of the pileup height (hp), (b) Variations of pileup 
height and hp/a with individual layer thickness. 
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Figure 3 SEM cross-sectional views of the indents in the Cu/Ni/W multilayers with 
individual layer thicknesses () of (a) =300 nm (b) =100 nm (c) =60 nm and (d) 
=30 nm. The insets indicate close observations on the regions 1 and 2.  
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Figure 4 Variations of indentation work (Wp), fracture energy (Uf) and stored 
mechanical energy (Us) with individual layer thicknesses ().  
 
